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A new measurement of the anomalous magnetic moment of the muon, aµ ≡ (g− 2)/2, will be
performed at the Fermi National Accelerator Laboratory with data taking beginning in 2017.
The most recent measurement, performed at Brookhaven National Laboratory and completed
in 2001, shows a 3.5 standard deviation discrepancy with the standard model prediction of aµ.
The new measurement will accumulate 21 times those statistics using upgraded detection and
storage ring systems, enabling a measurement of aµ to 140 ppb, a factor of 4 improvement
in the uncertainty the previous measurement. This improvement in precision, combined with
recent and ongoing improvements in the evaluation of the QCD contributions to the aµ,
could provide a 7.5σ discrepancy from the standard model if the current difference between
experiment and theory is confirmed, a possible indication of new physics.
1 Introduction
The currently most precise measurement of the anomalous magnetic moment of the muon aµ
shows a 3.6 standard deviation discrepancy from the standard model. The measurement was
performed by the Brookhaven experiment E821, the final results of which were published in
2006 1. Is this an indication of new physics beyond the standard model? The discrepancy
demonstrated by E821 provides a tantalizing hint at new physics, but lacks the precision to
make a definitive case. A new experiment at Fermilab will measure aµ with a factor of 21
times the statistics and comparable reduction in systematic uncertainties, which will improve
the precision by a factor of four and could increase the discrepancy between the measured and
theoretical values to 7.5σ if the central value remains unchanged.
In the Dirac quantum theory 2, the magnetic moment of a pointlike, spin 1/2 particle is
given by
~µ = g
Qe
2m
~s (1)
where the g factor in Eq. 1 is exactly equal to 2.
Since a measurement of the hyperfine structure of atomic hydrogen in 1947 3, it has been
known that g differs from 2 due to other effects, which were later understood to include contri-
butions from quantum electrodynamics, electroweak theory, and QCD, examples of which are
shown in Fig. 1. Each of these contributions must be computed to the highest possible precision
in order to make a valid comparison with the new experimental values 4. If a discrepancy with
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Contribution aµ (×10−11) δ(aµ) (×10−11)
QED (5 loops) 116 584 718.95 ± 0.08
QCD: HVP (lo) 6 923 ± 42
QCD: HVP (ho) -98.4 ± 0.6
QCD: HLbL 105 ± 26
EW 154 ± 1
Total SM 116 591 815 ± 49
Table 1: Comparison of current standard model theoretical contributions to aµ.
the standard model value is found, beyond standard model contributions to g-2 could come from
SUSY, dark photons, extra dimensions, or other new physics (NP), as is represented in Eq. 2
aµ = a
QED
µ + a
EW
µ + a
QCD
µ + a
NP
µ , (2)
with the scale of each contribution given by Eq. 3
gSM = 2Dirac +O(10−3)QED +O(10−9)EW +O(10−7)QCD, (3)
and detailed values are shown in Table 1.
Figure 1: Examples of four contributions to aµ. a) QED Schwinger term; b) Electroweak Z
exchange; c) Lowest-order hadronic vacuum polarization; d) Hadronic light-by-light scattering.
The leading contribution to aµ, and the contribution with the smallest computed uncertainty,
is quantum electrodynamics. Recent calculations to 5th order in α have reduced the QED
uncertainty to 0.08 × 10−11 5. Measurement of the Higgs mass at the LHC further reduces the
electroweak uncertainty from 2× 10−11 to 1× 10−11 6.
The largest source of theoretical uncertainty comes from the hadronic contribution to aµ
7 8.
There are two major sources of hadronic contributions; hadronic vacuum polarization (HVP)
and hadronic light-by-light (HLbL). The leading-order vacuum polarization contribution has tra-
ditionally been extracted from measurements of e+e− → hadrons, which have been performed
at BESIII 9, BaBar 10, and KLOE 11. Recently, calculations of the hadronic vacuum polarization
from lattice QCD have begun to challenge the scattering experiments for having the smallest
theoretical uncertainty on this contribution. Significant effort is being made to calculate both
the HPV and HLbL terms on the lattice. Recent results of the disconnected contribution cal-
culated aHPV,LOµ = −9.6(3.3)(2.3)× 10−10 12, and the strange quark connected contribution has
been calculated to 2%, ahadµ = 53.1(9)(
+1
−3) × 10−10 13. Uncertainties match those given by the
experimental measurements, but sub-percent precision will require the inclusion of QED and
isospin-breaking effects.
The HLbL contribution is smaller, O(α3) as opposed to O(α2). It has recently been cal-
culated for a nearly real pion mass, with a contribution to g-2 of (132.1 ± 6.8) × 10−11 (with
statistical errors only) 14. Better precision for this calculation requires more computing time,
which is underway.
The new experiment is measuring aµ at the O(10−10) level, at which several flavors of
new physics have the possibility of contributing. All standard model particles contribute to
the anomalous magnetic moments of the electron, muon, and tau via vacuum fluctuations.
Compared to electrons, the influence of higher mass particles have a higher impact on aµ by a
factor of (mµ/me)
2 ≈ 4 × 104. If the discrepancy from the Standard Model holds, it could be
accounted for with several models, including dark matter such as a dark photon A′ or an Axion-
like particle 15, supersymmetry 16, extra dimensions 17, additional Higgs bosons, or something
completely new.
2 Fermilab Muon g-2 Experiment
The BNL g-2 experiment E821 has left us with a 3.5σ discrepancy with the standard model.
The new experiment at Fermilab, E989, will measure 21 times the number of muons, which
together with improvements in systematic uncertainty and expected theoretical improvements,
could provide a > 7σ discrepancy from the Standard Model. The expected precision before
and after this experiment is shown in Table 2. The increase in statistics will also allow for an
unprecedented measurement of the muon EDM, which will provide a two order of magnitude
improvement in precision over the previous best measurement 18. Complete details of the Muon
g-2 experiment are given in Ref. 19.
To measure the anomalous magnetic moment, polarized muons are injected into a super-
conducting magnetic storage ring, and the muons will precess in the magnetic field. Polarized
muons are produced naturally from pion decay and injected into a storage ring with a uniform
magnetic field and cyclotron frequency given by
ωc =
e
mγ
B (4)
The spin precession frequency of the muons is
ωs =
e
mγ
B(1 + γaµ), (5)
and we measure the difference between the two:
ωa = ωs − ωc = e
m
aµB (6)
Measurements of ωa and B provide aµ, which is related to the frequency ωa and the magnetic
field ~B by the relation
~ωa = −Qe
m
[aµ ~B − (aµ − (mc
p
)2)
~β × ~E
c
] (7)
We perform the measurement at a magic momentum of γ = 29.3, so the electric field term
cancels, leaving the relation
~ωa = −Qe
m
aµ ~B, (8)
which means that to measure aµ, we must precisely measure both ωa and ~B.
The ωa measurement is performed by detecting positrons from muon decay and fitting the
time distribution of the decays with a five-parameter fit, and example of which is shown in
Fig. 2. The positrons are detected using 24 calorimeters each composed of 54 PbF2 Cherenkov
crystals 20 read by silicon photomultipliers and recorded using custom 12 bit 800 MHz waveform
digitizers 21, and read out using a GPU-based data acquisition system 22. The calorimeters will
be calibrated using a state-of-the-art laser calibration system23. Calibration runs will take place
in the months before the accelerator complex is complete, but also in situ measurements will
occur during data taking.
To make the measurement more precise, the precession frequency of the protons in the NMR
probes ωp is measured as a proxy for ~B. The relationship between ωa and B then transforms to
ωa =
eB
m
aµ → aµ = ωa/ωp
µµ/µp − ωa/ωp (9)
Uncertainty δ(aµ) Current value (ppb) E989 Projection (ppb)
Theory 420 310
Experiment 540 140
Table 2: Current and expected precision on aµ from theory and experiment.
(a) Template fit to double pulse. (b) Five-parameter fit to muon decay signal.
Figure 2: a) Template fit to double pulse in calorimeter to resolve pileup. b) E821 five-parameter
fit to determine precession frequency.
The magnetic field in the storage ring will be 1.45 T at 5200 A, and must be constant in
the muon storage region to ±0.5 ppm. The field is homogenized by adding iron shims to remove
quadrupole and sextapole asymmetries, adjusting metal plates on the top and bottom of the
ring to change the effective µ, and adding surface correction coils to add average field moments.
Fixed NMR probes measure time variations of the field during data taking. A trolley with
mounted NMR probes periodically circumnavigates the interior of the ring to perform precision
measurements of the field in the muon storage region, performing 6000 magnetic field measure-
ments per trolly run. Probes are calibrated to provide measurement to 35 ppb using a 1.45 T
MRI magnet. Shimming of the magnet has recently been completed. To perform the shimming,
a special trolly outfitted with 25 NRM probes measured the field inside the ring while being
tracked with a laser tracking system. The shimming procedure was iterated until a azimuthal
variation of 50 ppm was reached, which was mandated by our systematic error budget. The
azimuthal dependence of the field as of June 2016 and the azimuthal average over a cross section
of the ring are shown in Fig. 3.
The E989 experiment will collect 21 times the BNL statistics, which will reduce our statistical
uncertainty by a factor of four, so it is necessary to reduce the systematic uncertainties by the
same amount. Improved accelerator facilities will reduce beam power, have a ppi closer to
magic momentum, utilize a longer decay channel, and increase injection efficiency. Systematic
uncertainties on ωa will be decreased from 180 ppb in E821 to 70 ppb in E989 by using an
improved laser calibration, a segmented calorimeter, better collimator in the ring, and improved
tracker. Systematic uncertainties on ωp will be decreased from 170 ppb in E821 to 70 ppb in
E989 by improving the uniformity and monitoring of the magnetic field, increasing accuracy
of position determination of trolly, better temperature stability of the magnet, and providing
active feedback to external fields. Fig. 4 show a comparison of the expected sources of systematic
uncertainty between the Brookhaven and Fermilab experiments.
3 Conclusion
The new Muon g-2 experiment at Fermilab will measure the anomalous magnetic moment of
the muon to 4 × the precision of the previous BNL measurement. If the previously measured
value holds, this could provide a > 7σ discrepancy from the standard model, which would be
a clear indication of new physics. Homogenization of the ring’s magnetic field is complete, and
Figure 3: Top: Azimuthal variation in magnetic field as of June 2016. The red curve indicates
the field in October 2015, the blue shows the field variations in June 2016, and the width of the
pink band is the desired variation, which was achieved in August, 2016. Bottom: Azimuthal
average of magnetic field in October 2015 (left) and June 2016 (right).
(a) ωa (b) Magnetic field
Figure 4: Systematic error improvements to ωa (left) and magnetic field (right) expected in
E989.
installation of detectors is beginning. The full system of detectors with GPU data acquisition
and laser calibration will begin commissioning soon, and will be ready for the first injection of
muons in Spring of 2017. Data taking will run through 2020.
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